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ABSTRACT 
A design  configuration  has  been  developed for supporting  the 
0.010 inch  diameter bead  thermistor.  This  sensor is routinely 
employed  as  an  immersion  thermometer to measure  the  air  temper- 
ature over the  approximate  altitude  interval 30 to 65 kilometers. 
Theory  indicates that devices  having  physical  properties  similar 
to  those of the  bead  thermistor can be  used  to  obtain  accurate 
temperature  data up  to  the  region  of 65 kilometers.  The  develop- 
ment  described  attempts to achieve  thermal  isolation  of  the 
thermistor so that  theoretical  capability  can be realized in 
practice. 
The  design is analyzed  from  the  standpoint  of  its  thermal model, 
the  input of a standard  atmospheric  profile and, the  dynamic 
thermal  conditions  imposed by a parachute  lowered  instrument. 
Results of the  analysis show that the  described  system  should 
yield  ambient  temperature  values  within 2% below 54 km and within 
5% at 60 km.  Above 60 km the  accuracy  deteriorates  rapidly  with 
altitude  increase.  Lowering of initial  equilibrium  temperature 
of  the  thermistor  does not materially  improve accuracy; neither 
does  increasing the initial  altitude  of  exposure of the  sensor. 
The  most  marked  improvement  results  from  lowering  the  ventilation 
speed. 
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V I  
I. INTRODUCTION 
A quant i ta t ive descr ipt ion of t h e  e a r t h ' s  atmosphere, t o  very high 
a l t i t ude ,  i s  of i n t e n s e  i n t e r e s t  t o  modern science. Among specif ic  regions of 
i n t e r e s t  is t h a t   i n  which the  atmosphere is known t o  behave i n   t h e  manner of an 
ideal gas i.e.; the region in which const i tuents  are w e l l  known and the equation 
of state of an ideal gas may be applied. Thus parameters of temperature, pressures, 
and density of the  gas  at any designated a l t i tude up t o  260,000 feet are desired.  
Until about 1959 t he  expense of measuring systems f o r  such data acquisi-  
t i o n  above about 100,000 feet  prohibited synoptic data col lect ion programs. 
P r i o r   t o   t h i s   o n l y  wind data, as obtained from the  ground based t r ack  of chaff 
dispensed by Loki-Dart rockets, could be afforded on a frequent basis. The devel- 
opment and introduction of the ARCAS meteorological rocket to  the meteorological  
community about 1959 provided a new oppor tun i ty  to  the  in t e re s t ed  sc i en t i s t  fo r  
-~ i n  s i t u  measurements of such  parameters as temperature,  pressure, and dens i ty ,   in  
add i t ion  to  r e t a in ing  the  wind measuring capab i l i t y  of earlier systems. This 
rocket system provided sufficient performance, in terms of allowable payload 
weight and volume, t o  enable telemetering instruments and on board sensors t o  be 
c a r r i e d   t o   a n   a l t i t u d e  of approximately 200,000 feet  from a sea level launch. 
During 1959 the  U.S. Army Signal Corps undertook the development of 
instrumented payloads for the ARCAS rocket. These had as a prime function 
the  measurement and telemetering of atmospheric temperature data from apogee 
a l t i t ude  of the rocket  downward t o  at least the region of 70,000 feet where data 
could be compared with that obtained by balloon-borne radiosondes. 
The earlier development of t i n y  bead thermistors, which were thought 
t o  offer  promise as an immersion thermometer for temperature measurement a t  such 
altitudes, formed a basis of design concept for these instruments, from the sensor 
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standpoint. A number of inves t iga to r s  have undertaken study and analysis  of t h e  
small (0.010 inch diameter) bead thermistor as an immersion resis tance- type ther-  
mometer f o r  use at very high altitude. I n  genera1,the results of these studies 
indicated that temperatures could be measured within reasonable accuracy (1 - 2%) 
t o  altitudes i n  t h e  o r d e r  of 200,000 feet. I n  pract ice ,  however, reduced data 
from many soundings.have shown t h a t  temperature data of reasonable values w a s  not 
being consistently obtained a t  a l t i t u d e  much above about l50,OOO feet. A review of 
theoretical analyses and comparison of actual sensor performance led the contractor  
t o  conclude t h a t   t h e  problem rested with inadequacy in the design of t he  method 
of mounting the thermistor. It was f e l t  that a rigorous treatment of a l l  po ten t i a l  
error  sources  in  design could result i n  a mounting method which would enable 
r ea l i za t ion  of t he  theo re t i ca l  a l t i tude capab i l i t y  of the thermistor  as an immersion 
thermometer. 
The National Aeronautics and Space Administration's Langley Research 
Center sponsored a development program, under Contract ~1-1611, aimed at  
improving t h e  altitude t o  which temperature data could be accurately obtained 
with these bead thermistors. It i s  t h e  r e s u l t s  of t h i s  e f f o r t  which i s  herein 
reported. 
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11. THEORETICAL  CONSIDERATIONS 
A - Basic  Concepts 
Of  concern  here  is  the  measurement  of  the  temperature  of a g s,  the 
atmosphere,  by  means of immersion  thermometry.  Ideally  the  air  thermometer  used 
for  such  purposes  should  always  be  in  thermal  equilibrium  with  the  gas;  should 
be  at  very  nearly  the  same  temperature  as  the  gas  and;  should  maintain  the  fore- 
going  relations  despite  any  changes in the  gas  temperature.  To  evaluate  the 
capability  of a thermometer  for  this  purpose  it  is  necessary  to  analyze,  for 
small  temperature  differences,  the  relative  magnitudes  of  the  power loss by 
radiation  and  the  power loss by  convection  and  conduction  because  the  thermometer 
is  thermally  coupled  to  the  gas  by  its  conduction,  or  convection. 
Ney , e.a.,  have  analyzed  air  thermometers of the  resistance  type  by 1 
examining  the  behavior of fine  wires  and  small  thermistors. F’rom the  analysis 
several  important  conclusions  may  be  drawn  as  follows: 
To reduce  radiative  effects on a thermometer,it  is  necessary  to  reduce 
its  size  as  much  as is practical  and  to  provide a surface  which  is 
highly  reflective  to  long  wave  radiation. 
At  those  pressures  wherein  the  dimension  of  the  thermometer is larger 
than a mean  free  molecular  path,the  conduction  is  essentially 
independent  of  the  gas  pressure,and  the  heat  transfer  per  unit 
dimension  per  unit of temperature  difference  is  essentially  constant. 
Contrarily,  at  pressures  wherein  the  mean  free  molecular  path is 
comparable to  and  larger  than  the  dimension of the thermometer,  the 
conduction  becomes a strong  function  of  the  gas  pressure. 
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Forced vent i la t ion does not  contr ibute  to  the power loss from an air 
thermometer when the gas pressure is below about 2 millibars. 
From the above it may be seen that a tradeoff can be made between the 
des i red  reduct ion  in  s ize  of the thermometer for radiative purposes and the 
desired maintenance of s i z e  from the standpoint of i t s  dimension versus the 
mean f ree  pa th  of the gas .  Stated different ly:  while  radiat ive effects  are 
important, the  s ize  a l so  p laces  a l imi t a t ion  on t h e   a l t i t u d e   t o  which a given 
thermometer can be used t o  measure air temperature. Since the mean free 
molecular path a t  60 kilometers  a l t i tude i s  approximately 0.0126 inches (12.6 mils), 
it follows that t h i s   a l t i t u d e  i s  near ly  the maximum t o  which the 10 m i l  bead 
thermistor can be used as an air thermometer. 
B - Therm&..&aLys_-ig 
To determine an estimate of the probable accuracy of an air  thermometer, 
it is  necessary t o  develop the energy balance equation for the device under a l l  
conditions t o  which it w i l l  be subjected. Hence fo r  t he  case  of t he  small bead 
thermistor,  used in high alt i tude sounding rockets,  both static and dynamic 
heat input and heat loss parameters m u s t  be examined along with the thermal 
properties of t he  thermistor.  
2 3 4 Barr , Wagner , Ballard , and Wright5 have assessed the probable 
performance of the bead thermistor for sounding rocket use when the sensor i s  
lowered through the  atmosphere by parachute. In Barr's analysis the sensor i s  
t r ea t ed  as a f r e e  body, unattached t o  any mounting. Hence, except for assumptions 
made wi th  regard  to  f a l l  velocity and assuming that the constants used are valid,  a 
fair prediction of the theoretical  accuracy of the bead i s  obtained therefrom. O f  
spec ia l  interest there in  a re  the  va lues  of measuring e r r o r  which are a t t r i b u t e d   t o  
r ad ia t ive  e f f ec t s .  These  range  from  approximately 0.6 degree K a t  58 kilometers 
t o  0.1 degree at 30 kilometers. 
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Wagner car r ied  a similar ana lys is   fa r ther  by including heat transfer 
parameters which are assoc ia ted   wi th   the   fac t  that resis tance  sensors  must  always 
be at tached to  sane mounting i n  o r d e r  t o  measure the i r  res i s tance .  Hence the  
error  analysis  der ived frcm t h i s  s t u d y  more nearly approximates the practical 
s i tua t ion .  Of in te res t  here  is a cmparison of the steady state cmputed error  
of Barr, which is 2.086'K at  58 h, and the  computed e r ro r  of Wagner, which is 
13.5OK at  58 km. Much of th i s  d i f fe rence  may be attr ibuted t o  t h e  d i f f e r e n c e  i n  
fall  veloci ty  used by the  two investigators,but same i s  due t o   t h e  presence of 
the thermistor mounting. 
C - Et-oblems of Error Reducti.20. 
To improve the accuracy obtainable frm the 10 mil bead thermistor, 
it i s  necessary t o  examine the various sources of e r r o r  and t h e i r  r e l a t i v e  
con t r ibu t ion  to  the  to t a l .  I n  this way appropriate design approaches can be 
developed. L i t t l e  can  be  done, f o r  example, t o  reduce radiat ive error  of the  
aluminum coated thermistor because the properties which cont ro l   th i s   input   a re  
charac te r i s t ic  of the element and the  s teady  s ta te  environment t o  which it i s  
subjected. Moreover,computations indicate that t h i s  e r r o r  i s  r e l a t ive ly  small 
over the alt i tude range of i n t e r e s t  (30 - 60 Kin). 
I n  the same manner, the time constant of the thermistor i s  a function 
of i t s  physical properties and the  environment t o  which it i s  exposed. Hence, 
without redesign of the sensor, no improvement can be made i n  i t s  time constant 
or  the system e r ro r  imposed by this parameter. 
Areas f o r  improvement i n  measuring accuracy m u s t  then stem frm 
achievement of thermal i so l a t ion  between the sensor  i tself  and its mounting and 
measuring c i r c u i t s .  
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I11 THERMISTOR MOUNT DEVELOPMENT 
A - Design Goals 
Pursuing the goal of providing a design for  mounting of t h e  small 
bead thermistor which would minimize or eliminate major sources of e r r o r ,   i n  
temperature measurement, the contractor  selected several influencing parameters 
as problem areas for  design  consideration. These were: thermal  isolat ion of 
the bead from heating via conducting paths through physical connections; 
minimization of thermistor lead length to reduce absorption of incident  radiat ion,  
and; minimization of absorption of electromagnetic energy from the nearby te le-  
metry transmitter. 
B - Design Approach 
Because of the  f rag i le  na ture  of the bead and i t s  leads, it was f e l t  
that mere extension of lead length, as a means of achieving thermal isolation, 
would be unsuitable. Moreover, it was known that the leads are highly absorptive 
t o  s o l a r  r a d i a t i o n  and, fur ther ,  that long lead6 became an effective antenna a t  
the telemetering frequency thus causing absorption of electromagnetic energy by 
the bead. To circumvent these problem areas the design shown in  F igure  1 was 
first selected.  
I n  t h i s  arrangement it was intended that  the Mylar film, in  conjunct ion 
with the thin deposited layer of alurdnum, would provide the required degree of 
i s o l a t i o n  of the thermistor from large sources of heat such as the instrument 
package. Additionally,the Mylar  would be  re la t ive ly  t ransparent  to  inc ident  
solar energy and the aluminum leads, which form the  measuring c i r c u i t ,  would be 
r e f l e c t i v e .  Thus thermistor leads,  which are solar  absorpt ive would be kept very 
short, about 1/6 inch. The two deposited aluminum str ips ,  in  conjunct ion with 
a variable capacitor, would also form a radiofrequency transmission line, 1/4 
wavelength, a t  the telemetering frequency. T h i s  arrangement would provide an 
6 
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e f fec t ive  sho r t  c i r cu i t  ac ross  the  the rmis to r  fo r  RF energy while s t i l l  allowing 
connections t o   t h e  aluminum leads f o r   t h e  purpose of measuring the thermistor 
res is tances .  
This   ear ly  model w a s  laboratory tested and found t o  be e f f e c t i v e   i n  
preventing the absorption of FiF energy. Following t h i s  a f l i g h t  t es t  model was 
constructed and was i n s t a l l e d  i n  a n  Arcasonde instrument alongside a mount 
which had previously been used for  temperature  data a c q u i s i t i o n   i n   t h e s e  
instruments. The commutator of  this  instrument  w a s  arranged so  that t h e  two 
sensors would be a l t e r n a t e l y  sampled, along with t h e  common re fe rence  r e s i s to r .  
A f l i g h t  test was made on September  26, 1962 at NASA, Wallops Island. The 
results, by comparison, showed considerable improvement i n  the data which was 
obtained by the new mount. Table 1 and Figure 2 presents the tabular cmparison 
of t h e  two sensors from t h i s  f l i g h t .  While the graph of Figure 2 depicts  data t o  
only 30 kilometers, r e f e r e n c e  t o  Table 1 shows that t h e  two thermistors read 
within one degree of each other as the instrument descended t o  15 kilometers. 
* 
Following this e a r l y  f l i g h t ,  w i t h  its encouraging data results, design 
study was undertaken t o  improve performance, t o  simplify manufacture, and t o  
reduce  costs. Two s ign i f i can t  problems faced the cont rac tor :  the  first being 
difficulty encountered during assembly of the thermistor leads t o  the  aluminum 
film; the  second being the high cost of the  piston type capacitor being used t o  
resonate the transmission l ine.  
Attachment of the thermistor lead t o  the aluminum film was attempted 
by the use  of a s i l v e r  epoxy cement. This effort, w h i l e  successfully flown on 
a number of tests, provided poor r e l i a b i l i t y   f o r  two reasons; first,  because 
of d i f f i cu l ty  in  ach iev ing  a good bond t o  the aluminum film, and; second, because 
even when physical bonds were s t rong the e l e c t r i c a l   r e s i s t a n c e  of the connection 
+Tr8dem11~ of Atlant ic  Research Corporation. 
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TABLE 1 
Altitude 
Kilometers 
52.7 
52.7 
51.9 
50.9 
50.3 
48.8 
48.0 
47.5 
47.0 
46.3 
45.7 
44.9 
44.2 
43.6 
43.3 
42.9 
42.5 
41.9 
41.7 
41.7 
40.9 
40.5 
40.2 
39.3 
39.0 
38.4 
37.8 
37.5 
37.2 
36.6 
DATA  FROM  TMQ-5 RECORD 
WALLOPS  ISLAND 9-26-62 
Experimental  Mount 
Temp. - Deg. K 
310.1 
271.1 
268.5 
267.1 
264.1 
270.1 
265.9 
266.3 
262.6 
262.4 
267.2 
265.1 
258.6 
257.7 
260.5 
259.5 
256.6 
251.7 
255.5 
- 
250.4 
246.1 
247.1 
243.6 
245.6 
243.6 
244.1 
242.8 
244.1 
242.8 
Regular  Mount 
Temp. - Deg. K 
308.1 
301.1 
298.1 
293.1 
291.6 
290.3 
286.5 
286.6 
286.5 
285.1 
283.6 
282.9 
276.4 
274.1 
276.1 
285.1 
274.1 
273.6 
278.3 
266.3 
268.3 
264.5 
258.0 
256.4 
253.0 
258.8 
255.7 
255.1 
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Altitude 
Kilometers 
36.0 
35.4 
34.7 
33.5 
32.8 
32.2 
31.7 
31.1 
30.5 
27.4 
24.4 
21.3 
18.3 
15.2 
Experimental Mount 
Temp. - Deg. K 
241.3 
239.8 
231.8 
231.1 
233.1 
230.5 
229.3 
229.7 
231.3 
221.3 
219.1 
216 
212 
209 
Regular  Mount 
Temp. - Deg. K 
251.8 
251.1 
241.6 
240.1 
241.1 
238.1 
238.1 
238.1 
238.6 
229.2 
222.5 
220.3 
217.1 
208.1 
10 
TEMPERATURE ("K) 
Figure 2. Wallops Island Missile Range, 9-26-62, ARCASONDE IA. 
was in  the  o rde r  of 100-200 ohms and was unstable. A number of d i f f e ren t  s i l ve r -  
epoxy mixes were t r ied,  with l i t t l e  improvement, before a aifferent solut ion 
was sought. The f ina l  des ign ,  which has proven successful employs vacuum 
evaporation of s i lve r  on to  the  Mylar film, i n  p l a c e  of aluminum, and attacbment 
of the thermistor leads t o   t h e   s i l v e r  by means of . O l 5  inch diameter solder 
spheres (see footnote). Drawing EM 40681 depic t s  the  details of th i s  des ign .  
The need f o r  a capacitor to resonate the transmission l ine was then 
eliminated by employing s t r ip - l ine  t echn ique  to  the  development of a d is t r ibu ted-  
constant resonant l i n e .  This was accomplished by evaporating two U-shaped s i l v e r  
strips onto opposite faces of the  Mylar film i n  such a way that one l eg  of each 
U was exact ly  opposi te  that  of the  other .  The lower ends (see drawing) of these 
center legs are an open e l ec t r i ca l  c i r cu i t  wh i l e  t he  the rmis to r  l eads  a re  
a t t ached  to  the  top  two ends. A d i r e c t . c u r r e n t  p a t h  t o  t h e  instrument package 
is provided by the two outer legs.  Repeated t e s t s  of the  effect iveness  of this 
arrangement i n  preventing RF heating of the bead show t h a t  only about 10 
microwatts of RF energy is absorbed by the thermistor.  
Footnote: Obtained from  Circon Components Corporation,  Goleta,  California. 
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Iv. RESULTS OF FLIGHT TESTS 
Since the developent  o f  the mount,it has been adopted as s tandard 
f o r  the Arcasonde instrument and has been flown rout ine ly  at various rocket 
launch sites which p a r t i c i w t e  i n  the Meteorological Rocket Network. A few 
of the temperature-altitude p ro f i l e s  which have been thus obtained are sham 
i n  figures 3 through 5.  Figure 6 represents  a s t a t i s t i c a l  swmnary compiled 
by t h e  U. S. Air Force Eastern Test Range of Arcasonde data. 
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Figure 3. White Sands Missile Range, 1515 GMT 
11- 24- 64, ARCASONDE IA. 
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V. ERROR ANALYSIS 
There is no ex i s t ing   s t anda rd   t o  which the thermistor and i t ' s  mount 
could be compared during actual high alt i tude soundings. Moreover t h e  dynamic 
environment t o  which the thermistor  i s  normally exposed cannot be r e a d i l y  
simulated i n  a laboratory. Hence, only theoret ical  analysis  remains as a n  
economical t o o l   f o r   a s s e s s i n g   t h e   v a l i d i t y  of temperature data which i s  obtained 
during high al t i tude soundings. 
It was t o  this problem t h a t  Wagner's analysis  was addressed, b u t  
f o r  a different  type of  mounting arrangement. The contractor has conducted 
a similar ana lys i s  fo r  the accuracy of the 0.010 inch diameter aluminum-coated 
bead thermistor when i n s t a l l e d  on the mount described herein. 
A - Basis of Analysis 
The thermal model employed i n  the e r ro r  ana lys i s  i s  shown i n  Figure 7. 
The equations used i n  s o l u t i o n  of t h i s  model under t h e  dynamic conditions of 
a parachute descent as well as a na r ra t ive  surmnarry of the approach used i s  
given i n  t h e  Appendix. Other important functions used i n  t h e  a n a l y s i s  have 
been adopted from Wagner's study and are r e p e a t e d  i n  t h e  Appendix f o r  c l a r i t y ,  
along with the various constants used in solution of the equations.  
Computations have been based upon a n   i n i t i a l  al t i tude of 70 kilometers 
f o r  exposure of the thermis tor  and  an  in i t ia l  ve loc i ty  of approximately 750 
feet  per second. While it i s  recognized that t h e  "fall" ve loc i ty  is i n i t i a l l y  
zero, the assumption i s  v a l i d  because of the hor izonta l  ve loc i ty  of the rocket  
vehicle at t h e  time of expulsion of the instrument. A further assumption made i n  
the computation is that the thermistor,  i t s  mount, and the instrument package are 
a l l  i n i t i a l l y   i n  thermal equilibium at  4OoC (313' Kelvin) and; that the instrument 
package stays constant at this temperature throughout descent. 
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B - R e s u l t s  of Computations 
Table 2 gives the summary of the behavior of the thermal model from 
70 t o  44 ki lometers  a l t i tude  at one kilometer intervals.  In this table the  
following symbols are defined: 
Z 
TT 
TL 
TM 
Ts 
TP 
TR 
TA 
Note : 
A l t i t u d e  - kilometers 
Temperature of thermistor 
Temperature of thermistor leads 
Temperature of Mylar film 
Temperature f o s i l v e r   f i l m  
Temperature of phenolic posts 
Recovery temperature 
Ambient atmospheric temperature 
All temperature data are Kelvin scale.  
Table 3 tabulates the departure of the temperatures of al l  elements 
of the  mount, including the thermistor, from the atmospheric temperature at the 
var ious al t i tudes given.  This  la t ter  table  provides  the most valuable insight 
i n t o   t h e  thermal behavior of the sensor and the influence upon it which may be 
attributed t o  its physical connection to  the  ins t rumenta t ion .  For example the 
following observations may be made from study of this data: 
The temperature of the  thermistor  leads TL as well  as the temperature 
of the   depos i ted   s i lver  film TS maintain a c l o s e   r e l a t i o n   t o   t h e  
temperature of the  thermistor  TT throughout  the f l ight .  
The temperature of t h e  Mylar film TM very quickly reaches thermal 
equilibrium with the recovery temperature 'I% and, by 56 kilometers, 
i s  i n  equilibrium wi th  the atmospheric temperature. These results imply 
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that the  thermistor   and  the  s i lver  film are well i so l a t ed  frcm the  
phenolic support posts whose temperature TP actually increases with descent 
and remains at a high temperature relative to ambient.  Moreover, it may 
be observed that the  Mylar film ac tua l ly  becomes colder than the ambient 
f o r  a portion of the f l i g h t .  This is attributed t o  i ts  poor thermal 
conductivity, i ts low absorp t ion  coef f ic ien t  for  solar rad ia t ion  and, 
i ts high emissivity. 
Of most s ignif icance i n  the data of Tables 2 and 3, however, is the 
recovery temperature TR and i t s  r e l a t i o n   t o  the thermistor temperature 
TI?. By comparing the difference temperatures of these two parameters 
a t  any altitude, the  ac tua l  e r ror  i n  measurement is obtained. Stated 
d i f fe ren t ly :  the best measurement that can be obtained from the 
thermistor i s  the value of the recovery temperature of the surrounding 
gas; hence an analysis  of the accuracy of the thermistor as a measurinp; 
device can only be based upon the difference between its temperature 
and the temperature of its surrounding environment TR. Table 4 presents 
the r e s u l t s  of such a comparison along wi th  the resul t ing inaccuracies .  
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Z TT - -
7 0   3 1 3  
69  2 5.2 
68  2 1.4 
6 7   2 7 2 . 1  
66  2 6.7 
65  264.2 
64  263.6 
63  264.3 
62   265.7  
6 1   2 6 7 . 3  
60  267.9 
59  268.3 
58  268.9 
57  269.7 
56  270.6 
55  271.7 
54   272.9  
53  274.2 
52   275.0  
5 1   2 7 4 . 5  
5 0   2 7 4 . 1  
49   273.7  
48  273.3 
47   2 2 .1  
46   2 9 .1  
45   266 .1  
44   263.1  
TABLE 2 
THERMAL  BEHAVIOR OF MODEL 
THIN  FILM  THERMISTOR  MOUNT 
TL  TS TM  TP - - - - 
3 1 3  
2 9 3 . 1  
279.8 
271.0 
265.9 
263.6 
2 6 3 . 1  
263.9 
265.3 
266;9 
267.4 
267.9 
268.5 
269.3 
270 .2  
271.3 
272.5 
273.8 
274.6 
2 7 4 . 1  
273 .7  
273.3 
273.0 
271.7 
268.6 
265 .7  
262.7 
3 1 3  
292.4 
279 .5  
270.9 
266.0 
263.7 
263.3 
2 6 4 . 1  
265.6 
267.2 
267 .7  
268.2 
268 .8  
269.6 
270.5 
271.6 
272 .8  
2 7 4 . 1  
275.0 
274.5 
2 7 4 . 1  
273.7 
273.4 
2 7 2 . 1  
2 6 9 . 1  
2 6 6 . 1  
263.2 
313  
295.3 
282.5 
273.3 
267.0 
262.8 
260.3 
2 5 9 . 1  
258.9 
259.4 
260.0 
260.7 
261.4 
262.2 
2 6 3 . 1  
2 6 4 . 1  
2 6 5 . 1  
266.3 
267.4 
267.8 
267.8 
267.8 
267.8 
267.5 
265.8 
263.8 
261.6 
3 1 3  
312 .9  
312 .7  
312.6 
312.4 
312.2 
3 1 2 . 1  
311.9 
311 .7  
311 .5  
311 .3  
3 1 1 . 1  
310 .9  
310.7 
310 .4  
310.2 
309.9 
309.7 
309.4 
3 0 9 . 1  
308 .8  
308.3 
307.8 
307 .2  
306.3 
305.0 
303 .4  
TR -
248.9 
249.3 
2 5 0 . 1  
251.2 
252.7 
254.4 
256.4 
258.6 
261.0 
262.6 
263.4 
264.4 
265.4 
266.6 
267.9 
269 .3  
270.7 
272.2 
2 7 3 . 1  
272.8 
272.5 
272.3 
272.0 
270.8 
267.9 
265 .0  
2 6 2 . 1  
TA -
219.7 
223.6 
227 .5  
231 .4  
235.3 
239.2 
2 4 3 . 1  
247.0 
250.9 
253.8 
255.8 
257.7 
259 .7  
261.6 
263.6 
265 .6  
267 .5  
269.5 
270 .6  
270 .6  
270.6 
270.6 
270.6 
269 .5  
266 .8  
2 6 4 . 1  
261 .3  
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70 
68 
66 
64 
62 
60 
58 
56 
54 
52 
50 
48 
46 
44 
TABLE 3 
DIFFERENCE TEMPERATURE VS. ALTITUDE 
TT-TA TL-TA  TS-TA TM-TA TP-TA 
93.3 
53.9 
31.4 
20.5 
14.8 
12.1 
9.2 
7.0 
5.4 
4.4 
3.5 
2.7 
2.3 
1.8 
93.3 
52.3 
30.6 
20.0 
14.4 
11.6 
8.8 
6.6 
5.0 
4.0 
3.1 
2.4 
1.8 
1.4 
93.3 
52.0 
30.7 
20.2 
14.7 
11.9 
9.1 
6.9 
5.3 
4.4 
3.5 
2.8 
2.3 
1.9 
93.3 
55.0 
31.7 
17.2 
8.0 
4.2 
1.7 
-0.5 
-2.4 
-3.2 
-2.8 
-2.8 
-1.0 
0.3 
93.3 
85.2 
77.1 
69.0 
60.8 
55.5 
51.2 
47.0 
42.4 
38.8 
38.2 
37.2 
39.5 
42.1 
TR-TA 
29.2 
22.6 
17.4 
13.3 
10.1 
7.6 
5.7 
4.3 
3.2 
2.5 
1.9 
1.4 
1.1 
0.8 
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TABLE 4 
ACCURACY O F  TEXPERATURE MEASUREMENT 
- 
2 TT-TA 
7 0  
68  
6 6  
64  
62  
6 0  
5 8  
5 6  
5 4  
52  
5 0  
4 8  
46  
4 4  
93 .3  
53.9 
31.5 
20.5 
14.8 
1 2 . 1  
9.2 
7.0 
5.3 
4.4 
3.4 
2.7 
2.3 
1 . 8  
6 4 . 1  
31 .3  
14.0 
7.2 
4.7 
4.5 
3.5 
2.7 
2 .2  
1 .9  
1 .6  
1 .3  
1 .2  
1.0 
ERROR 
( %  TR) 
ERROR 
( %  TA) 
1 2 . 5  
5 .53  
2.80 
1 . 8 0  
1 . 7 1  
1 . 3 7  
1.00 
0 . 8 1  
0.69 
0 .59  
0 .48  
0.45 
0.38 
23 .7  
13 .4  
8.44 
5 .9  
4.74 
3.55 
2.66 
1 . 9 8  
1 . 6 3  
1 .26  
1 . 0  
0.86 
0 .69  
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VI. CONCLUSIONS 
R e s u l t s  of e r ror  ana lys i s  ind ica te  that t h e  c o n t r a c t o r ' s  i n i t i a l  
object ive of  achieving essent ia l ly  complete  thermal  isolat ion of the bead 
thermistor from its mounting and from accompanying instrumentation has been 
accomplished. This conclusion is based upon t h e  data of Table 2 wherein it I s  
shown that  the temperature  of the leads is below that of the thermistor throughout 
the descent.  
Hence it appears that  only two avenues are open t o  improve the accwacy 
of the temperature data: increasing thermistor convection coefficient, and; 
lowering the ventilation speed. The e f f e c t  of t h e  latter has been examined by 
recomputing the thermal model f o r  one-ha l f  the  in i t ia l  f a l l  rate. Resul ts  are  
given i n  Tables 5 and 6. From these data may be seen a s ign i f i can t  improvement 
i n  accuracy, most  of  which stems from lower aerodynamic heating. The e f f e c t  of 
lowering i n i t i a l  temperature of the thermistor was a l s o  examined and was found t o  
have a neg l ig ib l e  e f f ec t  fo r  data below 60 kilometers. 
Based upon these analyses and assuming the  standard atmospheric profile 
it is  concluded that  temperature data as measured by the  system described herein 
i s  i n   e r r o r  by approximately 5 percent at 60 kilometers and does not approach the 
l eve l  of 1 percent  unt i l  48 kilometers. If i n i t i a l  a l t i t u d e s  are lower than the 
s t a r t i n g   a l t i t u d e  used herein (70 km) inaccuracies w i l l  be even greater than those 
shown . 
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7 0  
68 
6 6  
6 4  
6 2  
6 0  
5 8  
5 6  
5 4  
5 2  
5 0  
4 8  
4 6  
44 
TT - 
313 
256 .7  
249.4 
253.2 
258 .7  
262.3 
264.8 
267.6 
270.6 
273.2 
272.7 
272.3 
268.2 
262.5 
TABLE 5 
BEHAVIOR  OF  THERMAL  MODEL 
ONE-HALF FALL  RATE 
TL - 
313 
255.7 
249.0 
252.8 
258 .3  
261.9 
264.4 
267.2 
270.2 
272.8 
272.3 
272.0 
267.9 
2 6 2 . 1  
TS - 
3 1 3  
255 .9  
249.2 
2 5 3 . 1  
258.6 
262.3 
264.8 
267.6 
270.6 
273.3 
272.8 
272.4 
268 .4  
262.6 
TM - 
3 1 3  
266 .2  
252 .6  
250 .7  
2 5 3 . 1  
256 .2  
258 .4  
260 .7  
263 .0  
265.4 
265.8 
266 .0  
264.2 
260.6 
TR 
227.0 
2 3 3 . 1  
239 .6  
246.4 
253.4 
257.7 
2 6 1 . 1  
264 .7  
268.3 
271.3 
2 7 1 . 1  
271 .0  
2 6 7 . 1  
261.5 
TA 
219.7 
227 .5  
235 .3  
2 4 3 . 1  
250 .9  
255 .8  
259.7 
263.6 
267 .5  
270.6 
270.6 
270.6 
266.8 
261 .3  
- 
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Z - 
70 
68 
66 
64 
62 
60 
58 
56 
54 
52 
50 
48 
46 
44 
TABLE 6 
ACCURACY OF TEMPERATURE  MEASUREMENTS 
ONE HALF FALL RATE 
TT-TA 
93.3 
29.2 
14.1 
10.1 
7.8 
6.5 
5.1 
4.0 
3.1 
2.6 
2.1 
1.7 
1.4 
1.2 
TT-TR  ERROR 
% TR 
86 
23.6 
9.8 
6.8 
5.3 
4.6 
3.7 
2.9 
2.3 
1.9 
1.6 
1.3 
1.1 
1.0 
- 
10.1 
4.1 
2.76 
2.09 
1.79 
1.42 
1.1 
0.86 
0.70 
0.59 
0.48 
0.41 
0.38 
ERROR 
% TA 
- 
12.80 
6.00 
4.15 
3.10 
2.55 
1.97 
1.52 
1.16 
0.96 
0.77 
0.63 
0.52 
0.46 
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APPENDIX 
I 
I - ERROR ANALYSIS 
A - COMPUTATIONAL  PROCEDURE 
The  thermal  model of Figure 1 requires  the  solution of a  system of 
five  first  order  differential  equations  with  independent  and  dependent 
variables. A third  order  Runge-Kutta  method  is  used.  Solution  was  made 
on  an IBM model 7090 computer.  The  integration  interval  was  set  at 
0.002 seconds  as  a  compromise  between  acceptable  accuracy  and  economy  of 
computer  time. 
A - l  
B - EQUATIONS 
1 - THERMISTOR 
where 
B1l = 
K1  Alcr 
L1 Ct 
A> 
Ct 
B12 = 
B13 = 
B14 = 
ats Es + 
Ct Ct 
- 
2 - THERMISTOR LEADS 
where 
B21 = 
Ks Alcr  Ascr 
(K1 Ls Alcr + Ks L1  Ascr) ‘1 
B2  2 = &  
c1 
A-2 
3 - PHENOLIC POSTS 
4 
dTP = B31 
(Ti - Tp) - B32 Hp (Tp - Tr) + B33 (Q, -. TP -
dZ V 
where 
B34 = Amcr 
Lm ‘p 
C P 
B35 = aps Es Aps C 
P 
C P 
4 - MYLAR FILM 
dTm B q l  (T + Ts - 2Tm) B42Hm (Tm - TI) + B43 (Q2 - Tm 4 ) + B44 - =  
dZ V 
where 
Km Amcr 
Lm ‘m ‘m 
A 
B41 = B4-2 = mc 
B44  = ams Es Amr 
‘m 
5 - SILVER FILM 
where 
B51 
B54 = ass *s Asr B55 = Km Amcr 
B53 = =s' 
c S  
B56 = B21 
A-4 
C - MATHEMATICAL  SYMBOLS 
Alcr 
Amc 
Amr 
ams 
A 
A 
A 
A 
a 
PC 
Pcr 
Pr 
PS 
PS 
Asc 
Ascr 
Asr 
Ass 
a ss 
Atr 
a 
Ats 
c1 
'm 
ts 
C P 
P 
C 
cS 
Ct 
ES 
Hm 
Area  of  thermistor  -leads  for  convection.  (cm2) 
Cross  sectional  area  thermistor  leads.  (cm ) 
Area  of  Mylar  for  convection.  (cm 2 ) 
Area  of  Mylar  for  long  wave  emission.  (Cm 2 
Absorption  coefficient  of  Mylar  for  solar  radiation. 
Area  of  posts  for  convection.  (cm2) 
Cross  sectional  area  of  posts.  (cm ) 2 
Area  of  posts  for  long  wave  emission.  (cm ) 
Effective  area of posts  for  solar  radiation.  (cm ) 
Absorption  coefficient  of  post  for  solar  radiation 
Area of silver  for  convection.  (cm ) 
Cross-sectional  area  of  silver  film.  (cm ) 
Area  of  silver  for  long  wave  emission.  (cm2) 
Effective  area  of  silver  for  solar  radiation.  (cm ) 
Absorption  coefficient  of  silver  for  solar  radiation. 
Area of thermistor  for  convection.  (cm2) 
Area  of  thermistor  for  long  wave  emission.  (cm 2 )
Absorption  coefficient  of.  thermistor  for  solar  radiation. 
Effective  area  of  thermistor  to  solar  radiation.  (cm2) 
Heat  capacity  of  leads.  (cal K-l) 
Heat  capacity  of  Mylar.  (cal K-l) 
Heat  capacity  of  posts.  (cal K-l) 
Specific  heat of air  at  constant  pressure. (Km 2 sece2  K-l) 
Heat  capacity of silver.  (cal K-') 
Heat  capacity  of  thermistor.  (cal X-')
Incident  solar  radiation  flux.  (cal cm'l sec-l) 
Convective  heat  transfer  for  Mylar.  (cal  sec-l) 
2 
2 
2 
2 
2 
2 
H 
P 
HS 
Ht 
K1 
Km 
K 
K 
P 
S 
Li 
L1 
Lm 
L 
P 
LS 
Ql 
Q2 
Ta 
T1 
Tm 
T P 
Tr 
TS 
Tt 
v 
W 
Z 
U 
Convective  heat  transfer  of  posts.  (cal  sec-l) 
Convective  heat  transfer  for  silver.  (cal  sec-l) 
Convective  heat  transfer  for  thermistor.  (cal  sec-l) 
Thermal  conductivity  of  thermistor  leads.  (cal cm'l sec 
Thermal  conductivity of Mylar.  (cal cm-' sec 
Thermal  conductivity  of  posts.  (cal  cm-l  sec-l K') 
Thermal  conductivity  of  silver.  (cal  cm-l  sec 
-1 fl) 
-1 f") 
-1 K-l) 
Length of leads  to  instrument  package.  (cm) 
Length of thermistor  leads.  (cm) 
Length of Mylar.  (cm) 
Length  of  posts.  (cm) 
Length of silver  film.  (cm) 
Effective  radiation  temperature  for  thermistor 
Effective  radiation  temperature  for  phenolic  posts,  Mylar, 
silver 
Temperature of atmosphere.  (deg  K) 
Temperature  of  instrument  package.  (deg K) 
Temperature of thermistor  leads.  (deg X) 
Temperature  of  Mylar.  (deg K) 
Temperature  of  phenolic  posts.  (deg K) 
Recovery  temperature.  (deg K) 
Temperature  of  silver  film.  (deg K) 
Temperature  of  thermistor.  (deg K) 
Ventilation  speed. (km sec-l) 
Electrical  power  dissipated  by  thermistor.  (cal  sec-l) 
Geometric altitude. (Kilometers) 
Stephan-Boltzmann  constant.  (cal cm'2 sec -1 f - 4 )  
E Emissivity  of  thermistor  for  long  wave  radiation. 
A-6 
E S 
E 
P 
‘m 
Emissivity of silver for long wave radiation 
Emissivity of post for  long  wave  radiation 
Emissivity of Mylar  for long wave  radiation 
A-7 
D - SPECIFICATION OF CONSTANTS 
1- THERMISTOR 
Ct 
e 8.03 x 
- 3.217 x 
- 0.072 
ats 
- 
At s Atr = 1.608 x 
W - 4.778 x 
2- THERMISTOR LEADS 
Alcr 
-  1.013 x 
3- PHENOLIC POSTS 
A 
C 
- 
Pcr 
P 
0.1088 
0.1653 - 
- 
5 s  
8.80 
A - 3.875  
Pr 
L - 1.905 
P 
A - 6.592 
- 0.80 
A - 1.3564 
PC 
P 
PS 
E 
 
A-8 
4- MYLAR FILM 
- 
Km 
AIIICr 
Lm 
‘m 
Amc 
Amr 
 5.66 x 
- 1.936 x 
- 0.0761 
- 1.85 x 
- 14.54 
- 7.27 
- 0.06 
- 0.8 E m 
5- SILVER FILM 
KS 
ASCr 
LS 
cs 
- 0.988 
- 4.064 x 
- 1.70 
- 7.746 x 
 
 
- 
ass 
Asr 
0.02 
- 2.526 
- 3.305 
E 0 . 0 2  
6- INSTRUMENT PACKAGE 
S 
7- GENERAL 
ES 
-  0.045 
- 1.368 x U 
A-9 
I1 - BASES  FOR  COMPUTATIONS 
A - THE  ATMOSPHERE 
The  environmental  temperature  distribution  used  in  the  computa- 
tion  is  that  of  the  1962 U . S .  Standard  Atmosphere.  Equations  used 
to  describe  this  quantity  are  those  used  by  others’  and  are  given 
be  low: 
-3.9016 Z + 492.775 80 2 Z > 61.5 km 
-1.9584 Z + 373.268  61.5 2 Z > 52.4 km 
52.4 2 Z > 47.4 km 
2.749 Z + 140.344  47.4 2 Z > 32.1 km 
- 
Ta - 270.650 
- 
- 
- 
B - VENTILATION  SPEED 
The  expression  used  to  specify  the  ventilation  speed  (and  fall 
rate)  is  that  used  by  others3  which  is  based  upon  observational  data 
from  White  Sands  Missile  Range  for  the  standard  ARCAS  sounding  rocket 
system  and  is  as  follows: 
v =  0.000508 exp(y0.81148 Z - 5.61536 - 1.07395) 
C - AERODYNAMIC  CONSIDERATIONS 
1 - Recovery  Factor 
The  method  of  reference  3  was  used  to  determine  aerodynamic 
heating  effect.  Equations  used  to  approximate  this  parameter  are: 
0.0173 Z -0.024 80 2 Z > 53.4 km 
r =  
0.90  53 4 2 Z > 30.0 km 
- 
- 
2 - Flow Regime 
The  thermistor  is  considered  in  slip  flow  for  Knudsen  numbers 
greater  than 0.10. Transition  to  continuum  flow  thus  occurred 
at  approximately  42  kilometers.  Thermistor  convection  coeffi- 
cients  were  computed  from  the  general  expression2: 
1 See  text  reference 3 ,  Wagner, N . K .  
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Ht = K Nuo D 
where Ht = Convection coefficient 
K = Thermal  conductivity of air 
D = Diameter  of  thermistor 
Nuo = Nusselt  number  for  continuum  flow 
Corrections  to  Nuo  for  slip  flow  were  made  according  to  the 
expression: 
where 
Nu = NU0 
1 -I- 3 . 4 2  - Nuo 
RePr 
Nu = Nusselt  number  for  slip  flow 
M = Mach  number 
Re 
'r 
= Reynolds number 
= Prandtl number 
3 - Leads 
Nusselt  numbers  for  continuum  flow  were  determined  from 
the  expression  for  a  cylinder: 
For  slip  flow,  corrections  were  made  in  accordance  with  the  method 
used for  the  thermistor. 
4 - Mylar,  Silver,  Phenolic  Post 
Nusselt  numbers  were  determined  for  flat  plates in accordance 
with  procedures of Eckart . To determine  average  heat  transfer 
over  the  total  areas,the  computed  values  of  Nu  were  doubled. 
These  parts  of  the  mount  remain  in  continuum  flow  throughout 
descent. 
1 
1 Eckart, E.R.G. - Introduction  to  the  Transfer  of  Heat  and  Mass, 
McGraw  Hill Book Co., 1950. 
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D - RADIATION EFFECTS 
Incident  solar  radiation  flux  is  considered  a  constant  for 
all  parts of  the  mount  except  the  thermistor  leads.  Because  of  the 
very  small  area,radiation  effect  on  the  latter  was  omitted.  For 
the  purpose  of  computing  the  loss of  heat by  emission  from  the  parts 
various  emissivity  values  were  assumed  for  the  several  parts. 
The  effective  radiation  temperatures of concern  are  expressed  by 
the  following: 
Q1 = 0 . 5 ~ ~ ~  + 0.06Ti 4 + 0.44Tas 4 
Q2 - 0 . 5 ~ ~ ~  + 0.5Tas 4 
where  Te  is  the  blackbody  radiation  temperature  below  the  thermistor; 
Ti  is  the  instrument  temperature  (313  deg K), and: Ta is  the  blackbody 
radiation  temperature of the  atmospheric  environment  above  the  ther- 
mistor. Te and  Tas  are  estimated  from  a  solution  of  the  following 
expressions: 
Te = 249.6 - 0.09 Z 
Tas = 123.3 - 1.25 Z 
E - ELECTRICAL  POWER  DISSIPATION 
The  power  dissipation  in  the  thermistor  is  considered  to  stem 
from  two  sources:  the  direct  current  used  to  electrically  measure 
the  resistance  of  the  bead  and,  the  radiofrequency  energy  absorbed 
by the  thermistor  circuit  which  emanates  from  the  telemetering 
transmitter.  The  former  is  a  function of  the  thermistor  temperature 
and  its  external  measuring  circuit.  Laboratory  tests of  the 
Arcasonde 1A instrument  show  that  measuring  current  power  dissipated 
in  the  thermistor  does  not  exceed  4.5  microwatts  at  any  temperature. 
Radiofrequency  power  absorbed  by  the  thermistor  has  been  measured 
indirectly  in  the  laboratory  by  observing  and  measuring  the  change 
in  the  pulse  repetition  rate of the  measuring  circuit  when  the  tele- 
metering  transmitter  is  energized  and  deenergized.  This  change,  when 
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converted  to  a  change  in  temperature of the  bead,  shows  an  average 
increase  in  bead  temperature of about 0. lo Centrigrade.  Based  upon 
the  Victory  Engineering  Co.  published  dissipation  constant  of 
0.01 C/microwatt at  earth's  surface,  it  is  estimated  that 10-15 micro- 
watts of RF power  is  normally  absorbed  by  the  bead. 
0 
For the  purpose of the  computations  reported  herein  a 
constant  power  dissipation  of 20 microwatts  was  assumed. 
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